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(57) ABSTRACT 

Self-referencing optical sensors and methods are described 
herein that can be used to detect bio-chemical interactions 
(e.g., biological binding of antigen-antibody pairs) that 
occur in for example a microplate. In one embodiment, the 
self-referencing optical sensor includes a substrate, a loWer 
(reference) Waveguide grating structure, a buifer layer and 
an upper (sensing) Waveguide grating structure. This self 
referencing optical sensor enables an optical interrogation 
system to detect a bio-chemical interaction independent of 
the effect of temperature by measuring a reference signal 
associated With the loWer (reference) Waveguide grating 
structure and measuring a sensing signal associated With the 
upper (sensing) Waveguide grating structure. These tWo 
signals are then subtracted from one another to determine a 
sensing measurement that represents Whether or not the 
bio-chemical interaction occurred that is independent of the 
effect of temperature. This is all possible because the self 
referencing optical sensor has a loWer (reference) Waveguide 
grating structure With a thickness that Was sized to make a 
rate of change of a loWer resonant Wavelength/temperature 
variation (ALL/AT) substantially equal to a rate of change of 
an upper resonant Wavelength/temperature variation (AKU/ 
AT). Several other embodiments of self-referencing optical 
sensors Which have a speci?c structures and/or a speci?c 
compositions are also described herein. 

32 Claims, 13 Drawing Sheets 
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SELF-REFERENCING WAVEGUIDE 
GRATING SENSORS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates in general to self-referenc 

ing grating-based Waveguide sensors (e.g., optical sensors) 
that are used to detect the occurrence of a bio-chemical 
interaction (e.g., biological binding of antigen-antibody 
pairs). 

2. Description of Related Art 
Grating-based Waveguide optical sensors have been used 

in a Wide variety of applications and devices including for 
example optical ?lters, laser cavity mirrors and biosensors. 
In the biosensing application, an optical interrogation sys 
tem is used to monitor changes in the refractive index or 
variations in the optical response of the optical sensor as a 
biological substance is brought into a sensing region of the 
optical sensor. The presence of the biological substance 
alters the optical response of the optical sensor When it 
causes a bio-chemical interaction like material binding, 
adsorption etc. . . . This alteration of the optical response 

enables one to use the optical sensor to directly monitor 
biological events in label-free assays Where the expense and 
experimental perturbations of ?uorescent dyes are com 
pletely avoided. Unfortunately, in addition to enabling the 
detection of variations in the optical response due to an 
bio-chemical interaction, the optical sensor is sensitive to 
environmental conditions such as temperature, pressure and 
changes in the bulk refractive index of the buffer solution. 
The buffer solution is the ?uid used to reference the start and 
end-point of sensing measurements before and after the 
introduction of the chemical or biological ?uid Which con 
tains the biological substance that can cause the bio-chemi 
cal interaction. As such, there is a need for an optical sensor 
that is designed to be self-referencing so one can separate the 
effects of a bio-chemical interaction like a surface binding 
from changes in environmental conditions. This need and 
other needs are satis?ed by the self-referencing optical 
sensors and methods of the present invention. 

BRIEF DESCRIPTION OF THE INVENTION 

The present invention includes self-referencing optical 
sensors and methods that are used to detect bio-chemical 
interactions (e.g., biological binding of antigen-antibody 
pairs) that occur in for example a microplate. In one embodi 
ment, the self-referencing optical sensor includes a sub 
strate, a loWer (reference) Waveguide grating structure, a 
buffer layer and an upper (sensing) Waveguide grating 
structure. This self-referencing optical sensor enables an 
optical interrogation system to detect a bio-chemical inter 
action independent of the effect of temperature by measuring 
a reference signal associated With the loWer (reference) 
Waveguide grating structure and measuring a sensing signal 
associated With the upper (sensing) Waveguide grating struc 
ture. These tWo signals are then subtracted from one another 
to determine a sensing measurement that represents Whether 
or not the bio-chemical interaction occurred that is indepen 
dent of the effect of the temperature. This is all possible 
because the self-referencing optical sensor has a loWer 
(reference) Waveguide grating structure With a thickness that 
Was siZed to make a rate of change of a loWer resonant 
Wavelength/temperature variation (ALL/AT) substantially 
equal to a rate of change of an upper resonant Wavelength/ 
temperature variation (AkU/AT). Several other embodiments 
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2 
of self-referencing optical sensors Which have a speci?c 
structures and/or a speci?c compositions are also described 
herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present invention 
may be had by reference to the folloWing detailed descrip 
tion When taken in conjunction With the accompanying 
draWings Wherein: 

FIGS. lAilF are several diagrams associated With a ?rst 
embodiment of the self-referencing optical sensor in accor 
dance With the present invention; 

FIGS. 2Ai2F are several diagrams associated With a 
second embodiment of the self-referencing optical sensor in 
accordance With the present invention; 

FIG. 3 is a diagram associated With a third embodiment of 
the self-referencing optical sensor in accordance With the 
present invention; 

FIGS. 4Ai4C are several diagrams associated With a 
fourth embodiment of the self-referencing optical sensor in 
accordance With the present invention; 

FIGS. 5Ai5G are several diagrams associated With a ?fth 
embodiment of the self-referencing optical sensor in accor 
dance With the present invention; 

FIG. 6 is a diagram associated With a sixth embodiment 
of the self-referencing optical sensor in accordance With the 
present invention; and 

FIG. 7 is a ?oWchart illustrating the basic steps of a 
preferred method for detecting a bio-chemical interaction 
using any one of the self-referencing optical sensors shoWn 
in FIGS. 1*3 and 5*6. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Referring to FIGS. lAilF, there are shoWn several dia 
grams associated With a ?rst embodiment of the self-refer 
encing optical sensor 10011 in accordance With the present 
invention. As described in greater detail beloW, the optical 
sensor 100a incorporates tWo Waveguide grating structures 
102 and 104 Which provide a reference signal and a sensing 
signal. And, by optimiZing the values of the Waveguide 
grating structures 102 and 104, it is possible to athermalise 
the operation of the optical sensor 100a. FIG. 1A shoWs the 
structure of the optical sensor 10011. A grating 106 is formed 
in the substrate 108 (index ns). The substrate 108 is coated 
With thin ?lms to form the loWer Waveguide grating struc 
ture 102 (index ngL and thickness dgL), the buffer layer 110 
(index nb and thickness db) and the upper Waveguide grating 
structure 104 (index ngU and thickness dgU). The ?lm 
coatings are approximately conformal to the underlying 
substrate 108. HoWever, the optical sensor 100a can also 
have a different grating depth dGrL and dGrU appearing at 
the loWer and upper Waveguide grating structures 102 and 
104. The grating period is A and the duty cycle f. The 
superstrate medium 112 (index na) is the chemical or 
biological ?uid to be analyZed. In the presence of surface 
binding, a thin additional higher index layer (not shoWn) is 
to be considered betWeen the surface of the upper Waveguide 
grating structure 104 and the superstrate 112. The thickness 
of the buffer layer 110 is su?iciently large that the loWer 
Waveguide grating structure 102 is very insensitive to the 
effect of surface binding at or near the surface of the upper 
Waveguide grating structure 104. 

In the absence of a surface binding, the upper and loWer 
Waveguide grating structures 102 and 104 have different 
resonance Wavelengths AU and KL. These resonant Wave 
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lengths AU and KL are a function of the parameters of the 
structure of the optical sensor 100a and are obtained through 
equation no. la for forward coupling to the Waveguide 
mode: 

(1a) 
m... sine... = "yaw — T 

for 0inc positive being the incidence angle of the optical 
beam 114 in air from the interrogation system 116 and ne?U 
and ne?i are the effective indexes of the Waveguide mode 
propagations Which depends on the indices and ?lm thick 
nesses in the optical sensor 10011. A similar situation occurs 

for reverse coupling With equation no. la being replaced by 
equation no. lb: 

The Waveguide grating dispersion is de?ned in equation no. 
1 c: 

_ dneffuul) (1c) 

For forWard coupling, equation no. la can be reWritten in the 
form shoWn in equation no. ld: 

AUl:/\'("e,7(7~Ul)-".-M Sin 91-“) (1d) 

Next, consider a variation of temperature AT. Using the 
chain rule of differentiation shoWn in equation no. le: 

m“ (16) 
dT + dT ("E1701 ) nrncslnanc) 

It can be seen that ne?U’L changes due to changes in material 
indices and dimensions associated With a temperature 
change and because of changes in the resonant Wavelengths 
kUand XL. The effects of these tWo changes can be separated 
by using equation no. lf: 

dneffuul) _ and; (1f) aneff an 
an '? 

Substituting equation nos. lf and la into equation no. le 
gives equation no. lg: 

dT dT A 
dAML : A. ?neff 
dT 6T 

Using the folloWing substitutions in equation no. 1h: 
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Then equation no. lg gives equation no. li: 

(1i) 

Solving this algebraic equation for x, it can be found that the 
rate of change of resonant Wavelengths AU and KL With 
temperature variation can be represented in equation no. 1 j: 

M b-AU'L <11) 
MU’L a + A 

AT : (rm-DH) 

This equation also holds true for a reverse coupling of the 
incident beam 114 to the Waveguide mode. 

FIG. 1B is a graph that shoWs the resonance Wavelengths 
AU and KL in the absence of surface binding for the upper and 
loWer Waveguide grating structures 104 and 102 as the loWer 
Waveguide thickness dgL is varied. As can be seen, the 
resonance Wavelength AU remains constant While the reso 
nance Wavelength KL varies as the loWer Waveguide thick 
ness dgL is varied. The example parameters used to generate 
this graph Were ngU:ngL:2.l, nb:l.45, dgU:l90 nm, 
db:550 nm, na:l.333, ns:l.5l, AISOO nm, incident beam 
angle 0m in air Was 1.7° and polarization TM. 

Since an aim in this embodiment of the present invention 
is to athermalise the operation of the self-referenced 
Waveguide grating sensor 100a, one needs to consider the 
variation of the structure parameters With temperature. For 
simplicity, assume that the total temperature variation of all 
of the layers in the optical sensor 100a can be modeled 
through a refractive index variation With temperature of the 
loWer and upper Waveguide grating structures 102 and 104 
and a thermal expansion of the grating period A. In one 
example, the material dn/dT coef?cients of 1.2e'4 and 1.0e'4 
Were used for the upper and loWer Waveguide grating 
structures 102 and 104, respectively. This alloWed the recal 
culation of the nelf and hence aU’L for a small temperature 
variation. The coef?cient of thermal expansion b:3e_5 Was 
used for the grating pitch A. FIG. 1C is a graph that shoWs 
the result of this calculation of the rate of change of 
resonance Wavelengths for variations of temperature for the 
loWer and upper Waveguide grating structures 102 and 104. 
As can be seen, the variation of dkL/dT for the loWer 
Waveguide grating structure 102 Was a function of its 
thickness. And, dkU/dT remained constant as the thickness 
varied in the loWer Waveguide grating structure 102. 
As can also be seen in FIG. 1C there is an optimal value 

of the thickness of the loWer Waveguide grating structure 
102 for Which dkL/dT and dkU/dT are equal for both the 
loWer and upper Waveguide grating structures 102 and 104. 
In this situation, the optical sensor 10011 is athermalised 
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Where changes of temperature a?fect equally the upper and 
loWer Waveguide grating resonance Wavelengths. Therefore, 
by using the difference betWeen the upper and loWer reso 
nance Wavelengths the sensing measurement is independent 
of the effect of temperature. The optimal thickness dgL of 
the loWer Waveguide grating structure 102 in this example 
Was 218.8 nm. 

It should be appreciated that the optical sensor 100a can 
be used in a Way to obtain resonant Wavelength insensitivity 
to angle misalignment of the optical beam 114 from the 
interrogation system 116. Equation no. la implies that 
resonant Wavelengths AU and KL are sensitive to the align 
ment angle 0W (typically ~7 nm/°) of the optical beam 114. 
Therefore, to have a highly sensitive Wavelength detection 
system (resolution ~0.1 pm) one also needs to be able to 
reference out the sensitivity of the incidence angle Sins of the 
interrogation beam 114. There are a number of different 
Ways of doing this including for example: (1) using the 
Waveguide grating resonance properties of forWard and 
reverse propagation; (2) using the Waveguide grating reso 
nance properties When reversing input and output beams; or 
using an optical de?ection system for local surface angle 
measurement. 

FIGS. lDilF are three graphs that Were generated during 
a simulated variation in the optical sensor 10011 Where the 
sensor Wavelengths kUand KL (see FIG. 1D) changed due to 
a temperature variation of roughly 6° C. (see FIG. 1E). It 
should be noted that the Wavelength variation of roughly 400 
pm due to temperature completely masked that due to an 
index change (0.1 pm). HoWever, in the case that the dMdT 
for both the loWer and upper Waveguide grating structures 
102 and 104 Were Well matched, the difference signal 118 
can be readily seen betWeen the tWo Waveguide grating 
Wavelengths AU and KL (see FIG. 1F). 
From the foregoing, it can be readily appreciated by those 

skilled in the art that the present embodiment enables the use 
of spectral interrogation to detect bulk or surface index 
changes using the optical sensor 10011 by providing a 
feasible means of referencing out the temperature variations 
that lead to spurious Wavelength variations. In addition, the 
present invention is simpler to implement than the device 
disclosed in Us. Pat. No. 6,455,004 B1 Which provides 
temperature referencing for an angular interrogation scheme 
but is complicated by the use of multiple separate grating 
pads operating in different polarization. Moreover, the 
present invention surpasses the referencing scheme dis 
closed in the article by Goddard et al. entitled “Intemally 
Referenced Resonant Mirror Devices for Dispersion Com 
pensation in Chemical Sensing in Biosensing Applications” 
Sensors and Actuators A 100 (2002). Because, it uses an 
additional Waveguide layer to reference temperature 
together With an external angle/Wavelength reference rather 
than using the additional Waveguide layer to reference 
angle/Wavelength variations Without compensating for tem 
perature. The contents of both of these documents are 
incorporated by reference herein. 

Referring to FIGS. 2Ai2F, there are shoWn several dia 
grams associated With a second embodiment of the self 
referencing optical sensor 100!) in accordance With the 
present invention. As described above, the ?rst embodiment 
of the optical sensor 10011 is based on the use of tWo 
Waveguide grating structures 102 and 104 each of Which 
have resonances AU and KL that can be interrogated inde 
pendently. In particular, the upper Waveguide grating struc 
ture 104 is optimiZed for high sensitivity to biological 
binding at its surface. And, the loWer Waveguide grating 
structure 102 is separated from the upper Waveguide grating 
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6 
structure 104 and the binding surface by a buffer layer 110 
so that it can be very insensitive to binding. In addition, it 
Was shoWn that the structure of the optical sensor 100a can 
be optimiZed for athermal operation Where the resonance 
Wavelengths AU and KL of each Waveguide grating structure 
102 and 104 change by the same amount for a thermal 
?uctuation on the system. The difference betWeen the tWo 
Wavelengths AU and XL is then representative of a surface 
binding event independent of thermal variations. Although 
the optical sensor 100a Works Well the fabrication of it 
requires the deposition of three index layers 102, 104 and 
110 With very precisely controlled indices and thicknesses. 
It is one purpose of the second embodiment of the present 
invention to propose an equivalent functional optical sensor 
100!) that is based on different physical phenomena and 
offers a simpli?ed fabrication process When compared to 
optical sensor 10011. 
The optical sensor 100!) incorporates a Waveguide grating 

structure 202 together With an anti-resonant re?ecting opti 
cal Waveguide (ARROW) grating structure 204 in order to 
provide a sensing signal and a reference signal, respectively. 
FIG. 2A shoWs the structure of the optical sensor 100!) With 
the ARROW grating structure 204 and exemplary param 
eters and materials of construction. The Waveguide grating 
structure 202 is formed by a cast and cure process on a 
buffer/polymer layer 206 (nb). Prior to this, hoWever, a thin 
and high index layer 208 (nm) is deposited on a substrate 
210 (ns). It is this layer 208 that acts as a high re?ectivity 
mirror for light so it is con?ned in the buffer/polymer layer 
206. In fact, this layer 208 acts as a Fabry Perot cavity. The 
thin layer 208 transmits a narroW band of Wavelengths on 
resonance and re?ects a broad band off resonance. In the 
example shoWn in FIG. 2A, the ?lm 208 has a thickness of 
50 nm and index 3.5 so the ?rst resonance Wavelength is at 
350 nm, roughly half the mode Wavelength so it can be used 
as a re?ector. Because, the Waveguide con?nement occurs 
due to this anti-resonant re?ection on the substrate side 
(there is no index con?nement at the substrate interface), 
then this mode is termed ARROW mode. The re?ection 
from such a thin layer 208 is e?icient because the ARROW 
mode is striking it at graZing incidence. It is also insensitive 
to the precise Wavelength of operation since the anti-reso 
nance behavior occurs over a broad Wavelength band. 

NoW, despite the ARROW mode being localiZed in the 
immediate vicinity of the Waveguide grating structure 202, 
it is relatively insensitive to surface binding. For the exem 
plary optical sensor 100b, the Waveguide mode effective 
index is 47x more sensitive to surface binding than the 
ARROW mode effective index. The calculation of surface 
binding sensitivity can be made from equation no. 2a: 

_ Mgr 

Albio 
(23) 

Where nelf is calculated for a uniform index:1.333 analyte 
layer 212 (na) and then nelf is calculated for a 5 nm ?lm (not 
shoWn) of index 1.5 on the surface of the Waveguide grating 
structure 202. The nelf for the Waveguide mode and 
ARROW mode are different and respond differently to the 
surface binding ?lm (see FIGS. 2B and 2C). This calculation 
shoWs that the Waveguide mode has a change of nelf 47>< 
When compared to the ARROW mode for the same binding 
layer. 

In the above design, the Waveguide mode operates in TM 
polariZation While the ARROW mode in TE polarization. In 
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fact, the ARROW mode is extremely lossy in TM polariza 
tion because the re?ection e?iciency of the thin, high index 
layer 208 is much loWer for this polarization at grazing 
incidence. When the ARROW mode is excited by a Wave 
incident on the grating 214, then the grating coupling 
coe?icient, or leakage, is (X:8.8 cm“1 as shoWn in FIG. 2D 
from rigorous coupled Wave analysis (RCWA) and resonant 
excitation analysis. To achieve a comparable coupling coef 
?cient for the same grating depth dGr, the Waveguide grating 
resonance needs to operate in TM polarization because 0t for 
TE Would be much higher and therefore it Would be di?icult 
to e?iciently excite both modes With the same beam 216 
emitted from an interrogation system 218. FIG. 2E shoWs 
the RCWA calculation for the Waveguide grating resonance 
re?ection having (X:30.7 cm_l. An alternative Way to 
address this “or matching” problem Would be to use the 
optical sensor 10%‘ shoWn in FIG. 2F Which has different 
grating depths for the ARROW and sensing Waveguide 
layers 202 and 204. The exemplary optical sensor 100b' 
shoWn has a deep (>50 nm) grating layer 220 that can be 
formed under the buffer/polymer layer 206. When covered 
With the thick buffer/polymer layer 206, the grating 220 can 
be smoothed out so that a much shalloWer grating 222 is in 
the vicinity of the sensing Waveguide layer 202. In an 
alternative embodiment, the buffer layer 206 need not be a 
polymer if the grating layer 220 is formed in the re?ector 
layer nm. This grating layer 220 could be formed by etching 
or by having the embossable polymer under the re?ector 
layer nm. 

It should be appreciated that alpha represents the leakage 
rate of the resonant sensor 100!) and 10019‘. It governs both 
the lineWidth of the resonance and also the re?ection e?i 
ciency. When there are tWo resonances as in the case of the 
Waveguide grating+ARROW layer, then one Would like to 
have similar lineWidth and excitation e?iciency to simplify 
the signal treatment. This is What is call herein as “alpha 
matching”. The problem is that for the ARROW layer 204 
and Waveguide grating structure 202, the alpha is inherently 
different due to the different physics so as described above 
one layer is operated in TE polarization and the other layer 
is operated in TM polarization or different grating depths are 
used to bring the alphas closer together. 

Referring to FIG. 3, there is a diagram associated With a 
third embodiment of the self-referencing optical sensor 1000 
in accordance With the present invention. In this embodi 
ment, the optical sensor 1000 instead uses a Bragg mirror 
302 for mode con?nement shoWn as plurality of dielectric 
mirrors nL and nH instead of using an ARROW structure 
and still can achieve the same Waveguiding in the bulfer/ 
polymer layer nb. FIG. 3 shoWs the structure of the 
Waveguide grating sensor 1000 With a reference Waveguide 
formed With a Bragg mirror 302 that is being interrogated by 
an optical beam 304 emitted from an interrogation system 
306. 

Using optimized values of the indices and layer thickness 
in the structure, and possibly additional index layers, it is 
possible to athermalise the operation of the optical sensor 
1000 using a similar technique as Was done to design optical 
sensor 100a (see FIGS. lAilF). That is, to ensure that the 
Wavelength shift With temperature is the same for both the 
sensor and reference signals. A particular nelf for a reso 
nance leads to a precise resonance Wavelength 7». This 
Wavelength changes With temperature because the material 
index changes With temperature. The dMdT for the 
Waveguide grating resonance and the BRAGG resonance 
Will, in general, be different. HoWever, by adjusting the 
material indices and thicknesses it is possible to ?nd situa 
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8 
tions in Which the d7t/dT for the tWo resonances match, as 
Was shoWn above With respect to the optical sensor 100a 

(see FIGS. lAilF). 
Alternatively, an approach Which eases the fabrication 

tolerances on the optical sensor 1000 is to implement a 
temperature compensation scheme. In this scheme, the ther 
mal coe?icients KS and KR for the sensor and reference 
Wavelengths KS and KR are de?ned by equation no. 3a: 

And, Wavelength interrogation slopes due to the surface 
binding of a thin biolayer, tbZ-O, for sensor and reference are 
de?ned by equation no. 3b: 

CS (3b) 

Then the real change of sensor and reference Wavelengths ks 
and KR are given by equation no. 3c: 

hR:CR-Azbio+KR-AT (30) 

By resolving this pair of linear equations one can separate 
the surface binding effect from the temperature change. 

To obtain the actual surface thickness or bulk index 
change, the above equations can be Written in matrix form 
and then inverted: 

[AS 1 [Arm 1 = M 
AR AT 

[CS KS] M: 
CR KR 

Where 

(“b”) l“) :M’ 
AT AR 

From the foregoing, it can be readily appreciated by those 
skilled in the art that the optical sensors 100!) and 1000 (see 
FIGS. 2*3) can be fabricated more easily than optical sensor 
100a (see FIGS. lAilF). The UV polymer/buffer material 
nb in Which the grating 214 or 306 is formed is itself used 
as a reference Waveguide, operating by ARROW or Bragg 
con?nement. Therefore, no second high index Waveguide 
deposition is needed. Further, in the ARROW optical sensor 
100b, the thickness of the thin, high index layer dm is not a 
critical, loW tolerance, parameter due its anti-resonance 
operation. 

Referring to FIGS. 4Ai4C, there are shoWn several 
diagrams associated With a fourth embodiment of the self 
referencing optical sensor 100d in accordance With the 
present invention. In this embodiment, the higher order 
mode properties of the optical sensor 100d are used to 

(3d) 
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separate the effects of surface binding from bulk index 
changes. As described in greater detail below, the optical 
sensor 100d can have different resonances corresponding to 
the different propagating modes of the Waveguide. And, the 
?eld pro?les of the different modes are unique and therefore 
lead to different bulk and surface sensitivities of the different 
modes. 

The bulk optical ?eld sensitivity (OPS) is de?ned through 
equation no. 4a: 

And; (4a) 
F B : 

Ananalyte 

Where ne?is the Waveguide effective index and nanalyte is the 
cover layer index. Similarly, the surface OFS is de?ned 
through equation no. 4b: 

_ AnEff (4b) 

Albio 
Fs 

Where tbl-O is the biological binding layer thickness. 
In a spectral interrogation system 402, the resonance 

Wavelength is related to the effective index (ne?‘), the 
wavelength (7»), the grating pitch (A) and the angle of 
incidence (6m) in air of the optical beam 404, through 
equation no. lb for reverse coupling. 

For instance, consider the exemplary Waveguide grating 
structure 100d having the indices and Waveguide thickness 
listed in FIG. 4A. For a reverse coupling angle of 19°, one 
can ?nd resonance Wavelengths of 942 nm and 774 nm for 
the fundamental (m:0) and ?rst order (m:l) mode coupling 
of this structure. The corresponding intensity ?eld pro?les 
are shoWn in FIGS. 4B and 4C. 
NoW if the bulk and surface OFS are calculated for these 

tWo modes one Would ?nd the folloWing values shoWn in 
TABLE #1: 

TABLE #1 

In = 0 m = 1 

Surface OFS (0M1) 0.241 0.283 
Bulk OFS (RIU’I) 0.095 0.169 

It can be see that the surface OFS of the tWo modes are 
substantially the same but the bulk OFS for the tWo modes 
are different. Therefore, When one makes a measurement in 
a biological or chemical experiment Where the measurement 
signal is either Wavelength or angle but the fundamental 
Waveguide property that is modi?ed is the effective index, 
then the signal changes due to surface binding thickness and 
bulk index changes. If the measurement is made With both 
the m:0 and m:l modes, then variations of surface binding 
thickness over the course of the test lead to roughly the same 
signal change for both m:0 and m:l modes While changes 
of the bulk index lead to a relative difference betWeen the 
signals. Therefore, it is possible from the relative change 
betWeen m:0 and m:l signals to quantify the amount of 
surface thickness or bulk index change. 
More precisely, the amount of bulk index change Ananalyte 

and surface binding thickness Atbl-O can be obtained from the 
resolution of the folloWing pair of linear equations: 

analyze 
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10 
AnQ?mZI :B 1 -Ananalyte+S 1 ‘Alma (4d) 

Where B0, S0, B1, S1 are the bulk and surface OFS for the 
tWo modes. To obtain the actual surface thickness or bulk 
index change, the above equations can be Written in matrix 
form and then inverted: 

Where 

[Anamlyw ] _ Mil A”)??? 
Albio AI’LZFI 

From the foregoing, it can be readily appreciated by those 
skilled in the art that the optical sensor 100d in this embodi 
ment resolves the uncertainty of measurement due to varia 
tions of buffer solution refractive index. For a more detailed 
discussion about the higher mode properties of a Waveguide 
grating resonance (WGR) sensor like the one used in the 
present embodiment reference is made to the book by A. 
Yariv entitled “Optical Electronics” 4th Ed., Saunders Col 
lege Publishing, chapter 13, 1991. The contents of this book 
Which describe general Waveguide mode properties and not 
WGR devices or sensors are incorporated by reference 
herein. 

Referring to FIGS. 5Ai5G, there are shoWn several 
diagrams associated With a ?fth embodiment of the self 
referencing optical sensor 100e in accordance With the 
present invention. The optical sensor 100e described beloW 
is suitable for use in bio-chemical assay applications by 
providing a local Wavelength reference that can be used to 
eliminate the deleterious effects of environmental drifts such 
as thermal and mechanical variations While simultaneously 
increasing the bulk and surface sensitivity of the sensor. In 
fact, the optical sensor 100e has a relatively simple structure 
since it utiliZes only a single replicated grating structure 502 
in the substrate 504 and only requires the deposition of three 
dielectric layers 506, 508 and 510. 

FIG. 5A shoWs a schematic diagram of an exemplary 
triple-layer Waveguide resonance grating sensor 100e. As 
can be seen, the optical sensor 100e includes three dielectric 
layers 506, 508 and 510 deposited over a grating 502 formed 
in a substrate 504. The various types of materials that can be 
used to make the substrate 504 include glass, plastic (topaZ 
(cyclo ole?n), polycarbonate, etc. . . ), and cured epoxies. In 
the exemplary optical sensor 100e, Ta2O5 is used to form the 
reference and sensing Waveguides 506 and 510 and SiO2 is 
used to form the loW-index barrier 508. It is important to 
note that both Waveguides 506 and 510 use the grating pitch 
A and depth dgmting as de?ned by the grating 502 that is 
replicated in the substrate 504. Resonance positions for the 
tWo Waveguides 506 and 510 are determined by controlling 
the individual Waveguide refractive index and thickness. 
Other dielectric materials such as TiO2, Nb2O5, MgF2, etc., 
and semiconducting materials such as Si, InP, GaAs, etc. can 
be used in various combinations to optimiZe the design and 
performance of the sensor/reference structures 506 and 510. 
The loW-index barrier 508 provides isolation betWeen the 
reference Waveguide 506 and the sensing Waveguide 510 
such that the reference Waveguide 506 is insensitive to 












